Electron microprobe and thermomagnetic analyses of selected basalt samples from Hole 597C were performed. The main purpose of this work was to investigate and estimate the degree of oxidation of the samples using the ratios of Fe to Ti and the Curie temperatures obtained from thermomagnetic curves. The results show that the magnetic properties of samples from Hole 597C change at a sub-bottom depth of 100 m, and that low-temperature and high-temperature oxidation processes prevailed above and below 100 m, respectively.
INTRODUCTION
The degree of oxidation of a rock holds a key to the thermal history of the rock. Weathering processes and thermal effects can change the magnetic properties of a rock. Thermomagnetic analysis, which indicates the change in saturation magnetization as a function of temperature, can also directly indicate the degree of alteration. A rock sample which was never altered shows almost the same thermomagnetic curves during heating and cooling. The Curie temperature (or Curie point) is determined from the thermomagnetic curve as the intersection of tangents drawn above and below the smooth extensions at each side of the curve's inflection.
Two oxidation processes are involved in the oxidation of titanomagnetites: high-and low-temperature oxidation.
High-temperature oxidation is a decomposition process and produces observable lamellae, titanium-rich rhombohedral phases, and iron-rich spinel (Buddington and Lindsley, 1964; Hauptman, 1974) . The spinel is dominant in the rock's magnetic properties and shows a Curie temperature of more than 500 °C in the heating process of thermomagnetic analysis. The thermomagnetic cooling curve is almost the same as the heating curve.
Low-temperature oxidation of titanomagnetites is a process of converting from the stoichiometric state to the cation-deficient state. For low-temperature oxidation, the degree of oxidation is represented by the oxidation parameter z defined as the fraction of original Fe 2+ converted to Fe 3 + :
(0 z 1). z = 0.0 indicates stoichiometric titanomagnetite and z = 1.0 indicates the fully oxidized state (Ozima and Sakamoto, 1971 as the degree of low-temperature oxidation increases; that is, as z increases (Nishitani and Kono, 1983) . The cation-deficient phase is unstable when heated above 400 to 450° C, and consequently it decomposes to an ironrich stoichiometric titanomagnetite (spinel phase) and a hemo-ilmenite (rhombohedral phase) during the thermomagnetic heating process. Saturation magnetization (J s ) increases with the addition of iron-rich titanomagnetite, but J s decreases as the temperature approaches the Curie point. Therefore, a peak can be observed in the heating curve. The saturation magnetization during cooling shows a sharp rise owing to the new phase. In summary, typical low-temperature oxidation products show the characteristic feature of thermomagnetic curves, a peak during heating and a sharp rise during cooling . Some samples show lower Curie temperatures in a cooling cycle than in a heating cycle, depending on the sample size (Hamano et al., 1980) .
We investigated the state of oxidation of 24 basalt samples from Hole 597C using electron microprobe and thermomagnetic methods. As already mentioned, we are able to interpret from thermomagnetic analysis whether a rock sample has been affected by a high-or low-temperature oxidation process or by no oxidation process at all. Using the ratios of Fe to Ti and titanomagnetite compositions determined by electron microprobe analyses, we can also obtain information on the degree of oxidation at low temperatures from the Curie temperature observed in a heating cycle (Nishitani and Kono, 1983) . dicate standard deviations. Lamellae were observed in Sample 597C-8-3, 130-133 cm and in samples from deeper in the hole; mean values for such samples are given in Table 2 for measurements (o) on lamellae and (b) between lamellae. Figure 1 shows the variation of each component as a function of depth; bars indicate standard deviations. The weight percentages of MnO, CaO, SiO 2 , and K 2 O are almost constant. Generally, the values of A1 2 O 3 and MgO decrease with depth in the hole. The ratio of Fe to Ti was calculated and is shown in Table 3 as Fe/(Fe + Ti). Titanomagnetites are often found to be the carriers of remanent magnetization in most natural rocks. The composition parameter x is used to indicate the proportion of ulvospinel in the titanomagnetite solid solution series, and is defined by *Fe 2 TiO 4 (1 -(0 < x 1).
x = 0.0 indicates magnetite and x = 1.0 indicates ulvospinel. Submarine basalts are often reported to contain about 60% ulvospinel, whereas continental basalts are reported to contain nearly none (Marshall, 1978; . The A: values can be obtained in the FeO-Fe 2 O 3 -TiO 2 system, ignoring other components. Fe/(Fe + Ti) and x are represented as a function of depth in Figure 2 . This figure shows that the titanomagnetite composition (Λ:) for samples from Hole 597C is generally 0.6 to 0.7; the mean value of * is 0.68 ± 0.12. This value is similar to that reported for previous DSDP samples.
THERMOMAGNETIC ANALYSIS AND ESTIMATION OF THE OXIDATION PARAMETER
Thermomagnetic curves were obtained for 24 samples in a magnetic field of 4 kOe. A 200-to 400-mg sample was heated in the balance, which was constantly evacuated (below 1 × 10~5 Torr), at temperatures up to 650°C. Some thermomagnetic curves are shown in Figures 3, 4 , and 5.
It is inferred that, as indicated by the existence of lamellae, samples from deeper than 100 m had been affected by high-temperature oxidation. For example, the thermomagnetic curves for Samples 597C-9-3, 88-91 cm (113.39 m) and 597C-9-4, 103-106 cm (115.05 m) (Fig.  3) show high Curie temperatures in the heating process, and the heating and cooling curves are almost the same, indicating the effect of high-temperature oxidation. All samples from below 100 m show similar evidence of hightemperature oxidation.
Heating curves for Samples 597C-3-1, 131-134 cm (56.83 m) and 597C-4-1, 60-63 cm (65.12 m) (Fig. 4) are cone-shaped at temperatures above 400° C, and the cooling curves, whose Curie temperatures are above 500°C, steepen sharply. These curves are typical of samples affected by low-temperature oxidation. Judging from the thermomagnetic curves, other examples of low-temperature oxidation products are Hole 597C Samples 3-1, 131- cm; [5] [6] [7] [8] [52] [53] [54] [55] [60] [61] [62] [63] [76] [77] [78] [79] [129] [130] [131] [132] [63] [64] [65] [66] [109] [110] [111] [112] [58] [59] [60] [61] [18] [19] [20] [21] [27] [28] [29] [30] [115] [116] [117] [118] showed little effect from low-temperature oxidation; the thermomagnetic curves are almost interchangeable, indicating low Curie temperatures of 160 to 210°C (Fig. 5) .
For low-temperature oxidation, oxidation parameter z can be estimated from the T c -z diagram of Nishitani and Kono (1983) , using the x values obtained by microprobe analyses and the Curie temperatures obtained from thermomagnetic curves. Nishitani (1981) showed, however, that the Curie temperature decreases as the amount of Al and/or Mg increases. Electron microprobe analyses show that the amount of A1 2 O 3 in Hole 597C basalts is much greater than the amount of MgO, so the effect of MgO is ignored here. The concentration of A1 2 O 3 is about 2 wt.%, which may decrease the Curie temperature by a maximum of 50°C. Thus, the Curie tempera- Note: Tj = the first Curie temperatures observed during heating. T2 = the highest Curie temperatures observed during heating. Tj = Curie temperatures observed during cooling, zj = oxidation parameters determined using the T c -z diagram of Nishitani and Kono (1983) . z 2 = oxidation parameters determined by electron microprobe analysis, assuming that the difference 100 minus the total percentage by weight is excess oxygen. Parentheses indicate standard deviations. Dashes indicate that values were not obtained; blanks in T2 indicate that the second peak was not observed in a heating process. tures determined from thermomagnetic curves may be offset by the presence of A1 2 O 3 , and the estimates of the titanomagnetite oxidation parameter z may consequently be in error.
There is another way to calculate the oxidation parameter. This is to assume that the difference of 100 minus the total percentage by weight is excess oxygen. Values obtained by this method are shown in Table 3 as z 2 -This method leads to excessive error, however: Sample 597C-3-2, 40-43 cm indicates a negative oxidation state, and Samples 597C-3-3, 5-8 cm, 597C-3-3, 52-55 cm, 597C-5-1, 129-132 cm, and 597C-6-1, 109-112 cm indicate Z2 values greater than one. It is therefore assumed here that better estimates of the oxidation parameter can be obtained using Curie temperatures and the Fe to Ti ratios, although this method ignores the effects of impurities.
The amounts of the oxidation product so obtained are listed in Table 3 as Zi and plotted on Figure 6 . The z values for samples affected by low-temperature oxidation vary widely, but they have a tendency to decrease as depth increases.
As already described, samples from deeper than 100 m had been affected by high-temperature oxidation, judging by microscopic observation of lamellae and by the characteristics of the thermomagnetic analysis. We can conclude that the magnetic properties of Hole 597C change at 100 m sub-bottom depth, and that low-temperature and high-temperature oxidation processes prevailed above 100 m and below 100 m, respectively. 
